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Abstract
The phylogenetic relationships within the family Penaeidae are examined based on mitochondrial 16S rRNA gene
sequence analysis of 30 species from 20 genera. The analysis generally supports the three-tribe scheme proposed by
Burkenroad (1983) but it is not consistent with the five-group classification of Kubo (1949). Three clades are resolved:
(Penaeus sensu stricto + Fenneropenaeus + Litopenaeus + Farfantepenaeus + Marsupenaeus + Melicertus + Funchalia
+ Heteropenaeus), (Metapenaeus + Parapenaeopsis + Xiphopenaeus + Rimapenaeus + Megokris + Trachysalambria)
and (Metapenaeopsis + Penaeopsis + Parapenaeus), corresponding to the Penaeini, Trachypenaeini and Parapenaeini
respectively, while the affinities of Atypopenaeus and Trachypenaeopsis are obscure. The molecular data support that
Miyadiella represents the juvenile stage of Atypopenaeus. Within the Trachypenaeini, Trachypenaeus sensu lato is
clearly paraphyletic, while the monophyly of Penaeus sensu lato in the Penaeini is questionable.
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Introduction
Penaeid shrimps (Crustacea, Decapoda, Penaeidae) are among the most economically important of all crusta-
ceans (Holthuis 1980; Dall et al. 1990; Pérez Farfante & Kensley 1997; Chan 1998). They are also generally
considered to be a primitive group of decapod crustaceans (Schram 1977; 1982; Dall et al. 1990; Abele 1991).
While the family has a world-wide distribution, its highest diversity occurs in the Indo-West Pacific region.
About 200 species are known to date and these have usually been grouped into 17 genera (see Dall et al.
1990). Nevertheless, in the most recent revision of the penaeid genera, Pérez Farfante & Kensley (1997) rec-
ognized 26 genera in the family Penaeidae Rafinesque-Schmaltz, 1815, mainly by splitting Penaeus Fabri-
cius, 1798, and Trachypenaeus Alcock, 1901, into six and four genera respectively. 
Although the taxonomy of penaeids has been widely studied, detailed discussions of the overall phyloge-
netic relationships between the genera are limited and only two comprehensive schemes have ever been pro-
posed. Kubo (1949) separated the family (then as subfamily Penaeinae) into five groups without assigning
formal names to these groups. No assessment of the relative relationships among groups was presented,
except the suggestion that the monotypic group comprising Miyadiella Kubo, 1949, is basal (Fig. 1a). Dall et
al. (1990) stated that Kubo (1949) treated the Parapenaeus Smith, 1885, group to have diverged a little before
the others, but Kubo (1949: 179) stated explicitly that he considered the Miyadiella group to be the oldest.
Miyadiella was established by Kubo (1949) and its taxonomic status has been controversial, with some
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authors considering it to be based on the juvenile stage of Atypopenaeus Alcock, 1905, (see Pérez Farfante &
Kensley 1997). 
The alternate scheme was proposed by Burkenroad (1983), who separated the family Penaeidae (as the
subfamily Penaeinae) into three groups, namely the Penaeini, Parapenaeini and Trachypenaeini, and postu-
lated that Penaeini is the oldest (Fig. 1b). Burkenroad (1983) only recognized 15 penaeid genera, but his
scheme is compatible with the two most recent generic revisions (Dall et al. 1990; Pérez Farfante & Kensley
1997). Burkenroad (1983) treated Pelagopenaeus Pérez Farfante & Kensley, 1997, as a subgenus of Funcha-
lia Johnson, 1867, and considered the differences between Tanypenaeus Pérez Farfante, 1972, and Xiphope-
naeus Smith, 1869, unclear. Dall et al. (1990; with 17 genera) treated all these four taxa as distinct genera. The
classification system of Pérez Farfante & Kensley (1997) differs from that of Dall et al. (1990) only in the
splitting of Penaeus and Trachypenaeus, and the recognition of Miyadiella as a distinct genus. 
Kubo (1949) used a very complicated set of characters to develop his phylogenetic scheme for the
Penaeidae; and only nine of the 15 genera in Burkenroad (1983) as well as the controversial genus Miyadiella
were analyzed. Nevertheless, the grouping and evolutionary trends in the family are very different between
the schemes of Kubo (1949) and Burkenroad (1983). 
More recently, relationships among selected penaeoids have been examined based on molecular data (e.g.,
Tong et al. 2000; Lavery et al. 2004; see below). There have been two studies thus far based on 16S rRNA or
combined 16S and COI sequences of the superfamily Penaeoidea in which 16 species (Vázquez-Bader et al.
2004) and 11 species (Quan et al. 2004) of the Penaeidae were included. Results from the studies, however,
question the monophyletic status of the family Penaeidae. Quan et al. (2004) tend to support the scheme of
Burkenroad (1983) rather than that of Kubo (1949). Voloch et al. (2005) examined the phylogenetic relation-
ships of the Penaeidae by analyzing 16S and COI sequences of 39 species of the Penaeidae based on existing
data (Tong et al. 2000; Maggioni et al. 2001; Lavery et al. 2004; Quan et al. 2004). Yet the species represent
only 12 genera, six of which belong to Penaeus sensu lato. The objective of the present study is to elucidate
the evolutionary history of the Penaeidae by comparing the phylogenetic hypotheses of the Penaeidae derived
from new molecular data from a wide array of penaeid genera, to the previous schemes. The most recent clas-
sification scheme proposed by Pérez Farfante & Kensley (1997) is followed throughout the study. In the cur-
rent study, 16S rRNA sequences of 20 out of the 26 genera recognized by Pérez Farfante & Kensley (1997)
are analyzed. Furthermore, the genera analyzed include at least one representative from each of the major
penaeid groups recognized by Burkenroad (1983) and Kubo (1949) based on morphology. 
Materials and methods
Collection of samples
Specimens were collected from the Indo-West Pacific and West Atlantic regions (Table 1) by trawling or
purchased from local fish markets. Species were identified following published literature (Yu & Chan 1986;
Liu & Zhong 1986; Pérez Farfante 1988; Dall et al. 1990; Pérez Farfante & Kensley 1997; Chan 1998).
Whole animals or the pleopods isolated were either frozen or preserved in 95% ethanol prior to DNA extrac-
tion.
Mitochondrial DNA analysis
Total DNA was extracted from pleopod muscles (10–20 mg) using a proteinase-K digested tissue kit
(QIAGEN) with slight modifications of the procedures as recommended by the manufacturer (described in
Tong et al. 2000). A segment of mitochondrial 16S rRNA gene was amplified from total DNA extract using
the polymerase chain reaction (PCR) (Saiki et al. 1988). The universal primers 16Sar and 16Sbr (Palumbi et
al.  1996)  were  used.  Amplification  reactions,  purification  of  PCR  products  prior  to  sequencing  and 
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TABLE 1. List of species and sequences used.
*As Miyadiella ornata was determined to be synonymous with Atypopenaeus dearmatus in the present study, the sequence from the
former (which is identical to that of the latter) was not deposited with GenBank. 
a Maggioni et al. (2001); b Lavery et al. (2004); c Tong et al. (2000); d Jarman et al. (2000)
sequencing reactions were all performed following protocols described by Tong et al. (2000). Nucleotide
sequences in a species were confirmed by reference to the data from both strands of three individuals, or four
independent PCR products of the one or two available specimens in some species (Table 1). Since the diver-







Atypopenaeus dearmatus De Man, 1907 EF601684 1 Philippines
Atypopenaeus stenodactylus (Stimpson, 1860) AY622201 5 Taiwan, Hong Kong
Farfantepenaeus brasiliensis (Latreille, 1817) AF192054a - Unknown
Fenneropenaeus indicus (H. Milne Edwards, 1837) AF279815b - Australia
Funchalia taaningi Burkenroad, 1940 AY622218 1 Taiwan
Heteropenaeus longimanus De Man, 1896 AY622202 2 Singapore
Litopenaeus vannamei (Boone, 1931) AF279818b - Hawaii
Marsupenaeus japonicus (Bate, 1888) AF279820b - Hong Kong
Megokris granulosus (Haswell, 1879) AY622214 2 Hong Kong
Melicertus kerathurus (Forskål, 1775) AF279826b - Spain
Metapenaeopsis acclivis (Rathbun, 1902) AF105040c - Taiwan
Metapenaeopsis barbata (De Haan, 1844) AF105041c - Hong Kong
Metapenaeopsis palmensis (Haswell, 1879) AF105045c - Taiwan
Metapenaeus affinis (H. Milne Edwards, 1837) AY622203 3 Hong Kong
Metapenaeus ensis (De Haan, 1844) AF279810 - Hong Kong
Metapenaeus joyneri (Miers, 1880) AY622204 3 Hong Kong
Miyadiella ornata Holthuis, 1955* EF601684 1 Philippines
Parapenaeopsis hardwickii (Miers, 1878) AY622205 4 Hong Kong
Parapenaeopsis hungerfordi (Alcock, 1905) AY622206 3 Hong Kong
Parapenaeus lanceolatus Kubo, 1949 AY622209 3 Taiwan
Parapenaeus politus (Smith, 1881) AY622210 3 Gulf of Mexico, USA
Parapenaeus sextuberculatus Kubo, 1949 AY622211 2 Taiwan
Penaeopsis eduardoi Pérez Farfante, 1977 AY622207 3 Taiwan
Penaeopsis rectacuta (Bate, 1881) AY622208 2 Philippines
Penaeus monodon Fabricius, 1798 AF279829b - Hong Kong
Rimapenaeus constrictus (Stimpson, 1874) AY622212 3 Gulf of Mexico, USA
Rimapenaeus similis (Smith, 1885) AY622215 5 Gulf of Mexico, USA
Trachypenaeopsis mobilispinis (Rathbun, 1915) AY622216 1 Taiwan
Trachysalambria curvirostris (Stimpson, 1860) AY622213 3 Hong Kong
Xiphopenaeus kroyeri (Heller, 1862) AY622217 3 Gulf of Mexico, USA
Euphausiidae
Euphausia longirostris Hansen, 1908 AF177180d - Unknown
Euphausia pacifica Hansen, 1911 AF177176d - Unknown
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for further analyses. Sequences were first aligned using Clustal W 1.5c (Thompson et al. 1994) with some
modifications subsequently made by eye. The sequences were then aligned manually following incorporation
of two sequences from Euphausia Dana, 1852, as the outgroups.
Phylogenetic analysis
Thirty-one 16S rRNA nucleotide sequences (19 newly generated sequences; 12 from GenBank of which 9
were from our previous studies; Table 1), including outgroups, were analyzed using BIO neighbor-joining
(BIO-NJ, Saitou & Nei 1987; Gascuel 1997), maximum parsimony (MP, Camin & Sokal 1965), maximum
likelihood (ML, Felsenstein 1981) with PAUP* 4.0 (Swofford 1999), and Bayesian inference (BI) in BEAST
v 1.4.6 (Drummond & Rambaut 2007). All analyses in PAUP* were performed with random-sequence addi-
tion. 
Nucleotide sequences used in maximum parsimony analyses were analyzed using different weighting
schemes for transitions and transversions. Transversions were weighted one, five or ten times that of transi-
tions. Alignment gaps were included as an additional character state. Heuristic searches were therefore under-
taken using 100 random addition sequence starting trees and tree-bisection-reconnection branch swapping. An
addition of 1000 post-hoc starting trees did not produce alternative topologies. Branch support was assessed
using 1000 bootstrap replicates.
The most appropriate model of DNA substitution for BIO-NJ and ML analyses was assessed using hierar-
chical likelihood ratio tests among a variety of competing models as implemented in Modeltest version 3.7
(Posada & Crandall 1998). For BIO-NJ, branch support was assessed using 1000 bootstrap replicates. ML was
conducted using heuristic search and tree-bisection-reconnection branch swapping. Because of the number of
taxa involved and computational time requirements, branch support for the best fitting tree from ML analyses
was assessed using 500 bootstrap replicates with ten random sequence addition replicates only.
For Bayesian analyses, based on the optimum ML model estimated in PAUP* 4.0, a complex model was
specified as prior (nst = 6; rates = gamma). A total of 1,000,000 generations were performed with sampling
every 100 generations and the first 2500 trees (25%) were discarded as “burn-in”. To ensure that stationarity
had been reached, all phylogenetic parameters were checked with Tracer v 1.4 (Rambaut & Drummond 2003).
A priori and a posteriori alternative phylogeny hypotheses were statistically tested in PAUP* 4.0 using
the Kishino-Hasegawa (KH) test (Kishino & Hasegawa 1989) and Shimodaira-Hasegawa (SH) test (Shimo-
daira & Hasegawa 1999), respectively. The null hypothesis for all topology testing was that there was no dif-
ference between topologies.
Results
Fragments of the mitochondrial 16S rRNA gene from 29 (30 including Miyadiella ornata Holthuis, 1955)
species of shrimps, which encompass 20 genera in the Penaeidae, were used in this study. The sequences from
Atypopenaeus dearmatus De Man, 1907, and M. ornata were identical. This, together with morphological evi-
dence (see Discussion), indicated that the two taxa are conspecific. Thus, the sequence from M. ornata was
therefore not analyzed separately in the subsequent analyses. Final truncated sequences used for phylogenetic
analyses were 473 bp including gaps. The 19 new 16S partial sequences generated for the current study have
been deposited with GenBank (Table 1). 
The base composition of all ingroup sequences analyzed was heavily biased towards A and T (75.4% AT
content). This finding was also noted from similar studies on a variety of invertebrate mitochondrial genes
(Gleason et al. 1997). In the current study, base frequencies were not significantly different among taxa (p =
0.9999).
CHAN ET AL.42  ·  Zootaxa 1694  © 2008 Magnolia Press
FIGURE 1. Morphological phylogeny of the penaeid genera proposed by (a) Kubo 1949, reconstructed from text (gen-
era in brackets were not fully analyzed and ‘?’ refers to uncertain relationship) and (b) Burkenroad 1983, reconstructed
from key (mentioned by the author as “...a natural key down to the level of genus”), with Penaeini as Peneini, Parape-
naeini as Parapeneini, Trachypenaeini as Trachypeneini, and Metapenaeus as Mangalura. *Considered to be the most
primitive genus in the family.
Using Modeltest (Posada & Crandall 1998), the best-fitting model of substitution for the 16S rRNA data
set was the transversion model with a gamma distribution (TVM+G). The parameters were as follows: base
frequencies: A = 0.3831, C = 0.0968, G = 0.1660, T = 0.3541; substitution model rate matrix: [A-C] = 0.5524,
[A-G] = 6.5355, [A-T] = 1.3664, [C-G] = 0.4304, [C-T] = 6.5355, [G-T] = 1.0000; proportion of invariable
sites = 0; gamma shape parameter = 0.2477. The 16S rRNA dataset had 182 parsimony-informative charac-
ters. All phylogenetic analyses, including BIO-NJ, MP, ML and BI, generated similar tree topologies. Figure 2
shows the best fitting tree topology based on BIO-NJ analysis with bootstrap (BP) and posterior probability
(PP) values for most branches from all four analyses. In MP analysis, only one tree was found. Also, exclud-
ing gaps as a character state, or differentially weighting transitions and transversions (Ti:Tv = 1, 5 and 10)
altered the bootstrap supports for branches but did not alter the tree topology. 
The major pattern of relationships between all studied taxa was very similar across all analytical methods
which consistently resolved three major clades (except that under MP and BI, Trachypenaeopsis Burkenroad,
1934, was the sister taxon to all other members of the Penaeidae studied). The major differences lay in the lev-
els of support provided for the three clades and their internal relationships. The major clades were: A) Trachy-
penaeopsis, Funchalia, Heteropenaeus De Man, 1896, Farfantepenaeus Burukovsky, 1997, Fenneropenaeus
Pérez Farfante, 1969, Marsupenaeus Tirmizi, 1971, Melicertus Rafinesque-Schmaltz, 1814, Litopenaeus
Pérez Farfante, 1969, and Penaeus Fabricius, 1798 (the last six making up Penaeus sensu lato); B) Megokris
Pérez Farfante & Kensley, 1997, Rimapenaeus Pérez Farfante & Kensley, 1997, and Trachysalambria
Burkenroad, 1934 (the three making up Trachypenaeus sensu lato), Xiphopenaeus, Parapenaeopsis Alcock,
1901, and Metapenaeus Wood-Mason, 1891; and C) Parapenaeus, Penaeopsis Bate, 1881, Metapenaeopsis
Bouvier, 1905, and Atypopenaeus. The bootstrap support for these three major clades (A-C) as well as interge-
neric relationships in general was moderate to weak (< 70%), though support for generic monophyly was
much stronger, usually exceeding 90%. 
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FIGURE 2. BIO-neighbor-joining (BIO-NJ) tree of Penaeidae based on partial mitochondrial 16S rRNA gene
sequences. Numbers on branches indicate bootstrap values from BIO-NJ (normal text), maximum parsimony (in italics),
maximum likelihood (in bold) analyses and posterior probability values from Bayesian (in italics bold) analyses. Boot-
strap values below 50% are not shown. A, B, C refer to the three main clades in the tree. Parapenaeini, Trachypenaeini
and Penaeini are the three groups as defined by Burkenroad (1983).
In clade A, Heteropenaeus was grouped among the species of Penaeus sensu lato and together they were
more related to Funchalia than to Trachypenaeopsis (BP > 75%). Yet the relationships among Penaeus sensu
lato, Heteropenaeus and Funchalia were poorly resolved as the topology varied among analyses. Both the KH
and the SH tests could not reject the null hypothesis (P > 0.05) that Penaeus sensu lato was a monophyletic
group. The inclusion of Trachypenaeopsis in clade A was weakly supported by NJ and ML analyses (< 60%),
and not supported by MP and BI analyses. 
In clade B, Xiphopenaeus was sister to Rimapenaeus, with moderate bootstrap values (~70%), but strong
support in BI analysis (PP = 0.98). The two Parapenaeopsis species with the Xiphopenaeus + Rimapenaeus
clade, the other two Trachypenaeus sensu lato species, Megokris granulosus (Haswell, 1879), and Trachys-
alambria curvirostris (Stimpson, 1860), formed a weakly supported group (BP > 65%, but PP = 1.0). The
Metapenaeus clade was strongly supported (BP = 78-100%; PP = 1.0) and was sister to the remaining termi-
nals in clade B. The KH test did not support the a priori hypothesis of monophyly of Trachypenaeus sensu
lato, while the SH test supported the a posteriori hypothesis of grouping the three genera previously under
Trachypenaeus sensu lato with both Xiphopenaeus and Parapenaeopsis. 
The relationships among the genera in clade C were fully resolved, but the bootstrap support was moder-
ate to low. Atypopenaeus was sister to the remaining terminals in clade C. Metapenaeopsis and Penaeopsis
formed a cluster that was then joined by Parapenaeus. Congeneric species were grouped together with weak
to strong support (BP = 54-100%; PP = 0.6-1.0).
The three-clade separation of the Penaeidae in the 16S rRNA gene tree (Fig. 2) roughly mirrors Burken-
road’s (1983) scheme (Fig. 1b), and therefore we used monophyly tests in an attempt to resolve the differ-
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ences. When Trachypenaeopsis (in clade A), or the two Atypopenaeus spp. (in clade C), or both, were placed
within the Trachypenaeini group (clade B) as in Burkenroad’s scheme, both the KH and the SH tests showed
no significant difference (P > 0.05) between the optimal tree based on the molecular data and the constrained
trees. This indicated that the null hypothesis of monophyly of the Trachypenaeini (including Trachypenaeop-
sis and Atypopenaeus) could not be statistically rejected. In the 16S tree (Fig. 2), clade A excluding Trachype-
naeopsis and clade C excluding Atypopenaeus represented the Penaeini and the Parapenaeini of Burkenroad
(1983), respectively.
Table 2 shows the Kimura-2 genetic distances between taxa. For genera with two or more species in this
study, the values of genetic distance among congeners ranged from 0.0196 in Penaeopsis to 0.0931 in Parap-
enaeopsis. Within each major clade in Figure 2, the average genetic distances were 0.1394 ± 0.0433, 0.1141 ±
0.0364, and 0.0683 ± 0.0246 for clades A, B, and C, respectively. Excluding Trachypenaeopsis from clade A
and the two Atypopenaeus species from clade C, the average distances were reduced to 0.1214 ± 0.0292 and
0.0551 ± 0.0182, respectively. Between these major clades, the distance values ranged from 0.1310 ± 0.0184
between clades B and C, to 0.1815 ± 0.0236 between clades A and B. The average genetic distance within
Penaeidae (ingroup) was 0.1410 ± 0.0429 and that between the two Euphausia species and the ingroup was
0.2587 ± 0.0201. 
Discussion
Genetic divergence among penaeid genera
The Penaeidae has a long evolutionary history (Dall et al. 1990), high species diversity, and some of the
genera have shown large genetic distances between each other. Nevertheless, traditional classification
schemes (Kubo 1949; Glaessner 1969; Burkenroad 1983; Dall et al. 1990; Pérez Farfante & Kensley 1997;
Martin & Davis 2001) have treated the Penaeidae as a single entity. The partial sequence of the mitochondrial
16S rRNA gene showed that some of the 20 genera studied have reached high genetic divergence from each
other and that their genetic distance values are almost comparable to those between the outgroup taxon
(Euphausia) and penaeid genera, thus confirming the great genetic heterogeneity among the many members
of the Penaeidae.
Based on a partial sequence of the mitochondrial cytochrome oxidase I (COI) gene, Palumbi & Benzie
(1991) estimated the genetic distances within and between subgenera of Penaeus sensu lato (now as separate
genera) are 7.4% and 18%, respectively. We also sequenced the same segment of the COI gene for the penaeid
species and found that the average genetic distance within Penaeidae was 19.8% (Tong et al. unpublished
data). This is greater than the 14.2% noted in the 16S gene (present study). Most of the changes in the COI
gene are found to be in the third base position of the codons and the majority of these changes were synony-
mous. Since these third base positions were saturated with mutations and few amino acid changes were found,
we did not include the COI data set in the current analysis of the penaeid phylogeny. The COI gene is there-
fore not informative for this study on phylogenetic analysis among a wide array of penaeid genera, although it
is applicable in studies at lower systematic level (e.g., Tong et al. 2000; Lavery et al. 2004). Palumbi & Ben-
zie (1991) proposed that even though the morphology of penaeid shrimps evolved slowly, changes in the
mitochondrial DNA could still facilitate substantial genetic diversity. Our data (both 16S sequences from the
current study and unpublished COI sequences of our laboratory) support this proposal and, in fact, there is
evidence that molecular divergence and morphological change could be independent of each other, as each
may respond to different evolutionary and selection pressures (Wilson et al. 1974; 1977). 
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Phylogenetic relationships among penaeid genera
Analyzing 473 bp of aligned mitochondrial 16S rRNA gene sequences using distance, maximum parsi-
mony, maximum likelihood and Bayesian inference methods yields similar topologies (Fig. 2), with three
major clades, suggesting a three-tribe evolutionary hypothesis in accordance with Burkenroad (1983) rather
than the five-group scheme of Kubo (1949) (Fig. 1a, b). Clade C apart from Atypopenaues represents Parape-
naeini; members of clade B all belong to Trachypenaeini, while clade A excluding the first branching of Trac-
hypenaeopsis is Penaeini. Some exceptions include Atypopenaeus + Parapenaeini and Trachypenaeopsis +
Penaeini that are only supported by weak bootstrap values. Also, monophyly tests do not reject the grouping
of these two taxa with the other members of the Trachypenaeini. 
The three-tribe scheme of Penaeidae from Burkenroad (1983) is based mainly on the characters of gill for-
mula (presence or absence of epipod on the third maxilliped and pleurobranch on the fifth pereopod), spina-
tion of the antennular peduncle (presence or absence of a spine on the ventromedian margin of proximal
segment) and the telson (tip simple or trifid). Differences in gills formula and morphology are often consid-
ered to be important in the higher taxonomy of decapod crustaceans (e.g., Holthuis 1993). However, spination
on the antennular peduncle and telson is applicable to generic- or species-level taxonomy. The significance of
these two characters in the evolution of the Penaeidae remains to be investigated. Some genera (e.g., Arteme-
sia Bate, 1888, Parapenaeus and Parapenaeopsis) are actually intermediate in these two characters (also see
Burkenroad 1983). Burkenroad (1983) suggested that the larval development and perhaps also other adult
characters may be adaptively significant and thus useful in the classification of the Penaeidae.
The Parapenaeini includes Artemesia, Parapenaeus, Penaeopsis and Metapenaeopsis. Burkenroad (1983)
considered that the latter two genera are closely related. In clade C, Metapenaeopsis and Penaeopsis are sister
groups, and together are sister to Parapenaeus. Burkenroad’s (1983) Trachypenaeini has the highest number
of genera and is considered to be “less compact”. Other than the genus Metapenaeus, the positions and rela-
tionships of the other genera in clade B are rather different from that shown in the phylogenetic tree of Figure
1b. Trachypenaeus sensu lato is not monophyletic with some members (Rimapenaeus species) closer to
Xiphopenaeus than Parapenaeopsis and other members of Trachypenaeus sensu lato. Excluding Trachype-
naeopsis, which occupies the first branch, clade A shows almost the same relationship of the three genera in
Penaeini (Fig. 1b). The only discrepancy is that in clade A Penaeus sensu lato appears not to be monophyletic,
with its relationships to Heteropenaeus and Funchalia poorly resolved. 
Results indicate that clades B and C (i.e., Parapenaeini and Trachypenaeini) are more closely related to
each other than to clade A (though weakly supported, except in Bayesian analysis). The sister-group relation-
ship of the Parapenaeini and Trachypenaeini, however, is compatible with Burkenroad (1983) (Fig. 1b), who
considered the Penaeini to be older than the other two groups (or tribes). Clade C (Parapenaeini plus Atypope-
naeus) appears to be the youngest evolutionary lineage of the three as the average genetic distance (0.0683)
among all taxa in this clade is much smaller than the other two (0.1141 for clade B and 0.1394 for clade A).
Vázquez-Bader et al. (2004) used 29 16S partial sequences (including 16 Penaeidae, 2 Aristeidae, 2 Ben-
thesicymidae, 3 Solenoceridae, 3 Sicyoniidae and 3 outgroup taxa) to study the phylogenetic relationships of
the superfamily Penaeoidea. We attempted to re-analyze only the sequences of the Penaeidae (with outgroup
taxa) used by them and found that the 16 penaeid taxa formed three major clades, which is consistent with our
own results. Metapenaeus ensis, which was found not to group with the other penaeid taxa by Vázquez-Bader
et al. (2004) analysis, always formed a clade with Parapenaeopsis + Trachysalambria + Xiphopenaeus in our
study, with moderate to strong bootstrap support (>74%). With regard to the relationship of the Penaeidae to
the other families in the Penaeoidea, we found that the sequences used by Vázquez-Bader et al. (2004) vary in
length (303-520 bp) so that the alignment is equivocal and different alignments and analyses yielded different
tree topologies. As a result, the claim by Vázquez-Bader et al. (2004) that the Penaeidae is paraphyletic can-
not be sustained. 
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Quan et al. (2004) analyzed the combined 16S and COI sequence data of 11 species of Penaeidae together
with Solenocera crassicornis (H. Milne Edwards, 1837) (Solenoceridae) and three outgroups. While their
results also support the scheme of Burkenroad (1983), the number of genera studied (nine, based on the classi-
fication of Pérez Farfante & Kensley 1997) is rather limited as compared to the present study. Interestingly, S.
crassicornis was found to cluster with members of the Parapenaeini with weak bootstrap support, implying
that Penaeidae may not be monophyletic (see also Voloch et al. 2005). Further phylogenetic studies of species
of the Penaeidae with members from other families of Penaeoidea are necessary to elucidate this issue. 
The present molecular analyses do not support the five-group scheme of penaeid phylogeny proposed by
Kubo (1949), with the grouping of the genera being totally different from that of Burkenroad (1983) (Fig. 1a
versus Fig. 2). Although Kubo’s (1949) intuitive scheme was constructed from a complicated set of charac-
ters, many genera were not fully considered owing to the lack of specimens. Burkenroad (1983) even pointed
out that some characters used by Kubo (1949) are incorrect. Kubo (1949) gave special emphasis to Miyadiella
and considered it the most primitive genus in the family. The validity of the genus Miyadiella is rather contro-
versial. Many authors (e.g., Yasuda 1966; Starobogatov 1972; Holthuis 1980; Burkenroad 1983; Hayashi
1992) considered Miyadiella to represent the juvenile stage of Atypopenaeus. If such an interpretation is cor-
rect, it is not surprising to find many apparently primitive characters in Miyadiella. In the recent revision of
the Penaeidae, Pérez Farfante & Kensley (1997) recognized Miyadiella as a genus distinct from Atypopenaeus
but with some reservations. The genus Miyadiella includes two known species, namely M. podophthalmus
(Stimpson, 1860) and M. ornata. These two species are considered by some authors as the juveniles of Aty-
popenaeus stenodactylus (Stimpson, 1860), and A. dearmatus, respectively, and they differ chiefly in having
longer eyestalks (for details see Pérez Farfante & Kensley 1997). The first author collected abundant material
of Miyadiella/Atypopenaeus from Taiwan and the Philippines. Seventeen males and 15 females of M. podoph-
thalmus collected from Taiwan (carapace length 5.4–7.5 mm) were examined. The length of the eyestalks in
these specimens is progressively shortened in larger individual as observed by Yasuda (1966). Moreover, all
the males have the petasma unfused (a situation similar to that reported by Yasuda, 1966, whose largest male
had a carapace length of 8.0 mm). Pérez Farfante & Kensley (1997) showed a fused petasma in a M. podoph-
thalmus specimen (Fig. 67A–B) with a 7.0 mm carapace length collected from the South China Sea near Tai-
wan. Correspondence with the late B. Kensley in 1998 revealed that the petasma of the above specimen
illustrated in Pérez Farfante & Kensley (1997) is actually separated and not fused. In the seven females of M.
ornata collected from the Philippines, their sizes are considerably larger (7.0–9.6 mm carapace length); how-
ever, no male of M. ornata was examined in the present study. Nevertheless, many specimens of A. stenodac-
tylus from Taiwan and A. dearmatus from the Philippines are available and morphologically they are nearly
identical to M. podophthalmus and M. ornata respectively except for the longer eyestalks. Although DNA
sequencing of M. podophthalmus was not successful, the 16S sequences obtained from A. dearmatus and M.
ornata are identical. Moreover, the COI sequences of the two taxa (GenBank accession no. EU257206) are
also identical (K. H. Chu, unpublished data). Therefore, all the available evidence shows that Miyadiella is the
juvenile form of Atypopenaeus and that these two genera should be synonymized. 
The separation of Trachypenaeus sensu lato (Megokris, Rimapenaeus and Trachysalambria) by Pérez
Farfante & Kensley (1997) is strongly supported by the present molecular analysis which shows that Metape-
naeus is a robust group by itself and it is the sister group to the clade formed by Parapenaeopsis, Trachype-
naeus sensu lato, and Xiphopenaeus (Fig. 2). Trachypenaeus sensu lato is a paraphyletic group as both
Xiphopenaeus and Parapenaeopsis are embedded among the Trachypenaeus sensu lato species. Among Trac-
hypenaeus sensu lato, the two Rimapenaeus species from the West Atlantic are always clustered together and
with Xiphopenaeus. On the other hand, the Indo-West Pacific Megokris and Trachysalambria appear to be the
outliers of this clade. However, the relationships of the genera previously included in Trachypenaeus sensu
lato, revealed in the present study, are different from that proposed by Pérez Farfante & Kensley (1997),
namely that Rimapenaeus is rather closely allied with Trachysalambria. 
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Our previous study on the phylogenetic relationships of 26 Penaeus sensu lato species based on partial
mitochondrial 16S and COI gene sequences (Lavery et al. 2004) clearly showed that the species belong to two
major clades, one consisting of Penaeus sensu stricto, Fenneropenaeus, Litopenaeus and Farfantepenaeus,
and the other including Melicertus and Marsupenaeus. The topology of the 16S tree from the present study
(Fig. 2), using a single species from each of the genera formerly included in Penaeus sensu lato supports the
grouping of the two clades, although the bootstrap support for the former clade is weak. Yet, the addition of
Heteropenaeus and Funchalia in the present analysis shows that the relationships of Penaeus sensu lato with
these two genera are poorly resolved by 16S gene sequences. Taking the results of the two studies together
(Lavery et al. 2004; present study), we can conclude that while there are clearly two major clades of Penaeus
sensu lato, the two together do not make up a monophyletic group. Lavery et al. (2004) also show that mono-
phyly of at least two of the genera previously in Penaeus sensu lato (Penaeus sensu stricto and Melicertus) is
questionable. Thus, raising the six subgenera of Penaeus sensu lato to full generic rank is still a controversial
issue (Dall 2007; Flegel 2007) and more molecular data are needed in resolving the relationships among
members of Penaeus sensu lato and their closely related genera. 
The present analysis generally supports the three-tribe grouping in the Penaeidae proposed by Burkenroad
(1983) while the affinities of the two genera, Atypopenaeus and Trachypenaeopsis, both included in the Trac-
hypenaeini by Burkenroad (1983), require further study. Atypopenaeus is a small and controversial genus (see
above). Trachypenaeopsis, also a small genus, has a general appearance that is very different from other mem-
bers of the Penaeini. Our molecular analysis used only one mitochondrial gene and did not include six genera.
A comprehensive analysis involving more genes among all penaeid genera, especially nuclear genes that
could resolve deeper branching patterns and detect historical mitochondrial introgression events (Shafer &
Stewart 2007), may eventually be able to robustly resolve the phylogeny of the family.
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